This work presents results for the magnetic properties of the compound GeTe doped with 3d transition metals V, Cr and Mn from the viewpoint of potential application in spintronics. We report a systematic density-functional study of the electronic structure, magnetic and cohesive properties of these ternary compounds in both rock salt and zinc blende structures. In both cases, it is the Ge sublattice that is doped with the three transition metals. Some of these compounds are found to be half-metallic at their optimized cell volumes. For these particular cases, we calculate both exchange interactions and the Curie temperatures in order to provide some theoretical guidance to experimentalists trying to fabricate materials suitable for spintronic devices. Discussions relating our results to the existing experimental studies are provided whenever applicable and appropriate. Apparent discrepancy between experimental observations and our theoretical result for the case of Mn-doping is discussed in detail, pointing out various physical reasons and possible resolutions of the apparent discrepancy.
I. INTRODUCTION
In recent years GeTe thin films doped with 3d transition metals have received considerable attention from experimentalists interested in the field of magnetic semiconductors. [1] [2] [3] [4] [5] [6] [7] [8] Ferromagnetic order was observed for the Cr, Mn, and Fe doped films, whereas Ti, V, Co and Ni doped films were found to be paramagnetic. 2 The Curie temperatures T c of these thin films have been found to depend on the type and concentration of the dopants, with a high value of 140 K, reported for Ge 1−x Mn x Te for x=0.51. 1 Later on this group of researchers reported even higher value of T c ∼ 190 K in dilute magnetic semiconductor (DMS) Ge 0.92 Mn 0.08 Te. 7 T c s around 200-250 K have been reported by Fukuma et al. 5 for Ge 1−x Cr x Te thin films for low values of x (≤ 0.1). The thin films in all these studies were of predominantly rock salt structure. For spintronic applications, the desired properties of such ferromagnets are half-metallicity and relatively high Curie temperatures. Possibility of halfmetallicity in Cr-and V-substituted GeTe bulk compounds has been reported by Zhao et al., 9 based on theoretical calculations using linear augmented plane waves (LAPW) WIEN2k code for some ordered Ge-V-Te and Ge-Cr-Te compounds. These authors left the issue of the Curie temperature unattended, as only the electronic band structure, density of states and charge density were studied, and not the exchange interaction in these compounds. A theoretical study of the electronic structure of Ge 1−x Mn x Te, based on the generalized gradient approximation plus Hubbard U (GGA+U), has been presented by Ciucivara et al. 10 Among the magnetic properties only the magnetic moment was considered, the issue of the exchange interaction and T c was not addressed. Recently a large number of experimental studies related to magnetism and magnetic transitions in several Ge-Te based alloys, such as Ge-Cr-Te, Ge-Mn-Te and Ge-Fe-Te) have been reported. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] In addition, there is substantial amount work on DMSs in general (for a review see [22] ), where the magnetic properties arise via percolation effects among a very small concentration of the magnetic atoms. For a discussion on magnetic percolation in DMSs readers may consult the work by Bergqvist et al. 23 In view of the large body of existing experimental work as mentioned above, we have embarked on a systematic theoretical study of the GeTe system doped with 3d transition metal atoms. The most commonly occurring structure for both bulk and thin films of these compounds is the NaCl or the rock-salt (RS) structure. However, from the theoretical viewpoint an equally interesting structure to study is the zinc blende (ZB) structure. Both RS and ZB are fcc-based, but differ in terms of the distance between the Ge and Te atoms. Thus irrespective of whether one dopes the Te-or the Ge-sublattice with a magnetic (3d) atom, the magnetic effects are expected to differ because of different levels of hybridization between the 3d orbitals and the s and p orbitals of the Ge or Te atoms. Experimentally it may be possible to grow both RS and ZB structures, even though the ground state structure appears to be RS. Thus we have studied the electronic and magnetic properties of both these structures for different concentrations of the magnetic V, Cr, and Mn atoms. We have employed supercell method as well as the coherent potential approximation (CPA) to study the effect of doping at various concentrations. The supercell calculations are carried out using the full potential linear augmented plane wave (FP-LAPW) method using the WIEN2k code. 24 The CPA calculations are carried out within the frame-work of the linear muffin-tin orbital (LMTO) method using the atomic sphere approximation (ASA). 25, 26 In a limited number of cases, when the halfmetallicity is predicted on the basis of both supercell and CPA calculations, we have provided results for exchange interactions and Curie temperatures for these alloys.
II. COMPUTATIONAL DETAILS
The crystal structures of the ternary GeTe based compounds Ge 1−x TM x Te (TM stands for transition metal atoms V, Cr and Mn) were constructed from the unit cell of RS and ZB structures as follows. The doping levels of x=0.25 or 0.75 were achieved by replacing the Ge atoms at the vertex site or face-center sites, respectively, of the RS/ZB unit cell , with the TM atoms. Both cases (x=0.25 or 0.75) have the same space group (P m3m, or 221) for the RS structure, and (P43m, or 215) for ZB. The x=0.5 doping is obtained by replacing the Ge atoms at the four compatible face-center sites. In this way we generate tetragonal structure (P4m2, 115) for the ZB case and (P 4/mmm, 123) for RS. This procedure of realizing the doping levels results in minimal primitive cells, with the highest possible symmetry. Numerous semiconductors are known to crystallize in the ZB or RS structures. As such these ternary compounds should be compatible with a large number of semiconductors.
Calculations were carried out within the framework of the density-functional theory (DFT), 27 using the WIEN2k 24 code based on the full-potential linear augmented plane wave plus local orbitals method. The generalized gradient approximation (GGA) proposed by Perdew et al. was used for exchange and correlation potentials. 28, 29 We consider full relativistic effects for the core states and use the scalar-relativistic approximation for the valence states, neglecting the spin-orbit coupling. The latter is known to produce only a small effect on the results that are of interest in this work, e.g., density of states and the energy gaps.
As a note to practitioners of this code, we used 3000 K points (Monkhorst-Park grid) 30 for the Brillouin-zone integration, set Rmt * Kmax = 8.0 and carried out the angular momentum expansion up to l max = 10 in the muffin tins, and used G max = 14 for the charge density. All core and valence states are treated self-consistently. Convergence with respect to basis set and k-point sampling was carefully verified. The self-consistent calculation is allowed to stop only when the integrated charge difference per formula unit, |ρ n − ρ n−1 |dr, for the input and output charge densities ρ n−1 and ρ n is less than 10 −4 . In the calculation of Ge-X-Te in different structures, the muffin-tin (MT) radii are chosen to be 2.3, 2.2 and 2.5 a.u. for Ge, X (X=V, Cr, Mn) and Te atoms, respectively.
III. ELECTRONIC STRUCTURE
A. Results of supercell calculations using the FP-LAPW method
For each case equilibrium lattice parameter was obtained by minimizing the total energy with respect to the cell volume. All electronic properties such as the density of states (DOS), energy bands and magnetic moments were then calculated for the equilibrium lattice parameters. Among all the ternary TM compounds with the doping levels considered, we find 9 half-metallic (HM) cases: one Mn-doped, three Cr-doped, and three V-doped cases for the RS structure; and one Cr-doped and one V-doped cases for the ZB structure (see Tables I-IV) . There is a small drop in the value of the equilibrium lattice parameter with increasing dopant concentration in all cases. This is supported by the measurements of lattice parameters for the thin films of Ge 1−x Mn x Te and Ge 1−x Cr x Te grown in RS structure. 1, 5 Bulk moduli, calculated by using Birch-Murnaghan equation of state, 31 are found to increase with the doping level for V-and Cr-doping. For Mn-doping this change is non-monotonic. The equilibrium lattice constants, X-Te bond lengths, and bulk moduli, magnetic moments, minority-spin gaps, and half-metallic gaps for the ternary compounds in RS structure are summarized in Tables I and II. The same quantities for the ternary compounds in ZB structure are summarized in Tables III and IV . In general, the band gap tends to increase with decreasing lattice parameter. This is understandable as the increased hybridization due to decreasing inter-atomic distances leads to increased separation between the energies of the bonding and antibonding states.
Tables II and IV show that most of the moments are associated with the muffin-tins around the TM atoms and the interstitial space. The orbitals associated with Ge and Te atoms have little spin polarization. While the values of the TM and interstitial moments are dependent on the muffin-tin radii, the integer values of the total moments shown in the last column clearly identify the half-metallic cases.
Note that in all cases studied and reported in Tables I-IV, the RS structure has lower energy than the ZB, indicating the equilibrium bulk phase to be RS at low temperatures. However, it might be possible to grow thin films of these compounds in ZB structure under suitable conditions. Therefore, there is some merit in comparing the magnetic properties of these two fcc-based phases. So far all thin films of these compounds seem to have been grown in RS structure or with small rhombohedral distortions from this structure.
1,2,7,15
The densities of states for some these ordered compounds at their equilibrium lattice parameters are shown in Figs.(1-2) . These results clearly show in which cases half-metallicity is most robust, i.e. the Fermi level is most widely separated from the band edges. The partial atom-projected densities of states shown for Ge 2 V 2 Te 4 , shows that the states at the Fermi level have a high TM character. The situation should be similar for TM=Cr, Mn as well, with the amount of the TM character changing with TM concentration. The 25% Mn-doping case needs special attention, since the metallic character is either marginal (ZB structure) or absent (RS structure). For Ge-Te in the ZB structure, 25% Mn-doping of the Ge-sublattice produces a borderline, i.e., zero gap, semiconductor or semimetal. For the RS-structure, the same Mn-doping level of the Ge-sublattice produces a narrow gap semiconductor. As we will see in the next section, the nature of magnetism in these compounds is dictated by the availability of free carriers or holes. Thus the Mndoping case will be considered in some additional detail.
The results presented in Tables I-IV and Figs. 1-2 are for ordered alloys, while the TM-doped thin films of GeTe are partially random, in the sense that the Ge-sublattice sites are occupied randomly by Ge and TM atoms. We have studied the electronic structure of these partially random alloys using the tightbinding linear muffin-tin orbital(TB-LMTO) method in conjunction with the CPA. 25, 26 These calculations employed exchange-correlation potential of Vosko, Wilk and Nusair, 32 an s, p, d, f basis set, relativistic treatment of core electrons and scalar-relativistic treatment of valence electrons. The results, particularly with respect to halfmetallicity, were similar to those of the ordered alloys, apart from expected smoothing of some peaks in the DOS. The gaps values were marginally lower and can be ascribed to the differences between local density approximation (LDA) in TB-LMTO and GGA in FP-LAPW. The equilibrium lattice parameters were 2-4% higher in TB-LMTO LDA calculations.
IV. EXCHANGE INTERACTION AND CURIE TEMPERATURE
First-principles calculations of the thermodynamic properties of itinerant magnetic systems, via mapping 33, 34 of the zero temperature band energy onto a classical Heisenberg model:
has been discussed in detail in our previous publications. 35, 36 Here i, j are site indices, e i is the unit vector pointing along the direction of the local magnetic moment at site i, and J ij is the exchange interaction between the moments at sites i and j. The calculations are based on a mapping procedure due to Liechtenstein et al. [37] [38] [39] The method was later extended to random magnetic systems by Turek et al. , using CPA and the TB-LMTO method. 40 The exchange integral in Eq. (1) is given by
where z = E + iǫ represents the complex energy variable, L = (l, m), and
, representing the difference in the potential functions for the up and down spin electrons at site 'i'. g σ ij (z)(σ =↑, ↓) represents the matrix elements of the Green's function of the medium for the up and down spin electrons. For sublattices with disorder, this is a configurationally averaged Green's function, obtained via using the prescription of CPA. It should be noted that the spin magnetic moments are included in the above definition of J ij . Positive and negative values of J ij imply FM and AFM couplings, respectively, between the atoms at sites i and j.
Existence of the HM gap in spin polarized electronic densities of states does not guarantee that the substance is actually ferromagnetic (FM). The search for the ground magnetic state often needs to be guided by ab initio calculation of the exchange interactions between various atoms. In the above procedure outlined by Liechtenstein et al., [37] [38] [39] exchange interactions are calculated by considering spin deviation from a reference state. Negative exchange interactions resulting from calculations based on a FM reference state would suggest instability of the assumed FM ground state. With this mind, we have computed the exchange interactions for the most interesting cases, i.e. those promising robust HM states. The results for the exchange interactions are shown in Figs. (3) (4) (5) In Figs. 3 and 4 we show results for the cases with 75% doping with Cr and V for the RS and ZB structures, as this level of doping yields largest values of the minority spin and HM gaps. In Fig. 5 we consider the 25% Mn-doping case for the RS structure, the only Mn-doped case studied which shows the promise of half-metallicity. The solid lines (with circles) in these figures refer to the alloys with the equilibrium lattice parameters. In order to understand some trends, we have also considered lattice parameters above and/or below the equilibrium values. Ferromagnetic interactions are strongest in the Cr-doped ZB GeTe. The Cr-doping case is most promising, as in both RS and ZB structures FM interactions dominate, and these remain FM with changes in the lattice parameter. The next promising case is V-doping in the ZB structure, the RS counterpart showing strong antiferromagnetic (AFM) interactions, particularly at and around the equilibrium lattice parameter. These AFM interactions weaken on both sides of the equilibrium lattice parameter value and become FM only at much higher volume. Fig.5 shows that all interactions up to many neighbor shells are AFM, and then die off to zero. Hence the ground state cannot be FM. This conclusion needs to reinforced by examining the Lattice Fourier transformation of all the interactions. However, the preponderance of AFM interactions would dictate that the ground state is perhaps AFM or of complex magnetic structure. This issue is further explored in the next section. For the 25% Mn-doped solid the interactions are strongly AFM not only at the equilibrium lattice parameter, but also for a substantial range of the lattice parameter around the equilibrium value. The interactions can become FM only at unrealistically large lattice parameter, while compression would result in stronger AFM interactions. While our theoretical calculations suggest that 25% Mn-doping of the Ge-sublattice should lead to a ground state that is either AFM or of a more complex magnetic structure, some recent experimental results suggest ferromagnetism in these or similar Mn-doped compounds. Thus we will discuss the Mn-doping case separately in order to shed some light on the apparent discrepancy between theoretical results and the available experimental studies. In the following paragraphs we first present estimates of the Curie temperature for the Cr-and V-doped Ge-Te. We have calculated the Curie temperature T c using both the mean-field approximation (MFA) and the more accurate random-phase approximation (RPA).
41 If the magnetic sublattice consists only of the magnetic atoms X, then in the MFA, the Curie temperature is given by
where the sum extends over all the neighboring shells and involves the exchange interactions between the magnetic atoms X. MFA is known to grossly overestimate T c . A much more improved description of finite-temperature magnetism is actually provided by the RPA. Again, if the magnetic sublattice consists only of the magnetic atoms X, then the RPA T c given by
Here N denotes the order of the translational group applied and J X,X (q) is the lattice Fourier transform of the real-space exchange interactions J X,X ij . In order to address the randomness in the Ge-TM sublattice, we have modified Eqs.(3) and (4) for our Ge 1−x X x Te alloys using virtual crystal approximation (VCA). This involves simply weighting the exchange integrals in Eq. (1) by x 2 , where x is the concentration of the X (TM) atoms. As a result, Tc's obtained from Eqs.(3) and (4) get multiplied by the same factor. In this way the problem is formally reduced to a nonrandom case. This approximation fails for low concentrations, below the percolation limit. 23 The error decreases monotonically for higher and higher concentrations. In general, the VCA results may somewhat overestimate the Curie temperature.
A problem arises in the computation of T c using either Eq. (3) apparently non-magnetic atoms, interstitial spaces or, in case of the LMTO method, empty spheres. This problem has been discussed in detail in our previous publication 35 and references cited therein. As shown by Sandratskii et al. 33 the calculation of T c using RPA is considerably more involved even for the case where only one secondary induced interaction needs to be considered, in addition to the principal interaction between the strong moments. The complexity of the problem increases even for MFA, if more than one secondary interaction is to be considered. In our case, the induced moments are small and as such interactions involving non-magnetic atoms/spheres can be neglected in the first approximation. In addition, we are only interested in a rough estimation of T c , the object being able to determine which doping would lead to a higher T c and hopefully be close to or above the room temperature. Our results, obtained by using the RPA and considering only the TM moments in Eq.(4), and further modified in the spirit of VCA, are summarized Figs. 6 and 7. We show T c as a function of the lattice parameter for various relevant levels of doping. The equilibrium lattice parameter values are indicated with arrows. Doping with Cr or V in the ZB structure for doping levels around 75% is promising, with V-doping showing higher T c values than Cr-doping. V-doping in RS structure is not recommended, while Cr-doping in RS structure leads to reasonably high values of T c for all levels of doping higher than 50%. In a previous publication 36 we have already presented a comparison of pure CrTe in ZB and RS structures, pointing out various advantages of considering RS CrTe over ZB CrTe from the viewpoint of spintronics applications. Fig. 8 .
In the RS structure the energy difference of the AFM configurations, in particular the [111] case, is larger than for the ZB case. To examine the magnetic structure of the ground state we also consider the lattice Fourier transform of the exchange interaction between the Mn atoms:
where q is a wave vector in the BZ of the fcc lattice. A maximum at the L point would point to the ground state being AFM [111] , while that at the Γ point would indicate the ground state being FM. We have examined the ground state magnetic structure via J(q) using both FM and the disordered local moment (DLM) 42,43 reference However, the situation for ZB Ge 0.75 Mn 0.25 Te is not so clear. Both DLM and FM reference states yield J(q) curves with a broad maximum enclosing the symmetry points X, W, and K. In addition, the values of J(q) at these points is marginally higher than that at the L point (sections (a) and (b) of Fig. 10 ). What is certain is that the ground state is not FM, with J(q) being a minimum at the Γ-point. Thus the ground state for ZB Ge 0.75 Mn 0.25 Te may involve a complex magnetic structure or the substance may enter a spin-glass state at low temperatures. In order to ensure that our results do not suffer from a convergence problem, we have Experimentally, Ge 1−x Mn x Te alloys, with X=Cr, Mn, Fe have been reported to exhibit ferromagnetic behavior [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] over wide range of the concentration x. The structure of these compounds, grown as thin films, is usually found to be RS or small deviations from this. For Ge 1−x Mn x Te the structure is found to be rhombohedrally distorted NaCl for small Mn concentrations, with the distortion vanishing for x > 0.18.
1 These studies also report presence of carriers in the samples, with transport measurements most often indicating p-type carriers, 1,2,7,15 independent of temperature. Fukuma and co-workers identify the carriers as holes. 1, 7, 15 Depending on carrier concentration, brought about by varying Mn concentration or hydrostatic pressure, T c may vary nonmonotonically. 1, 18 Highest reported T c is around 130-140 K for Mn concentration x slightly over 50% in the Ge- (Table I) .
Our zero temperature results indicate that exactly at the concentration x=0.25, Ge 1−x Mn x Te should be either a semiconductor with small gap or at best a zero gap semiconductor, in both RS and ZB structures. The mag-netic structure of the ground state in this case is not FM, it is either AFM or more complex. At finite temperatures, free carriers in the conduction band and holes in the valence band are expected and the number of such carriers may be significant in view of the fact that the gap is close to zero. However, it is believed that there are also a large number of carriers, mainly holes, with temperature-independent concentration.
2 RS GeTe is reported to be a narrow gap semiconductor with a band gap of about 0.2 eV. 44 Its very high p-type conduction is ascribed to large cation (Ge) vacancies, 15,44-46 which seem to dominate over transport due to thermally excited carriers. We have thus decided to explore this issue, in the framework of our zero temperature formalism, in several ways. Guided by the fact that experiments indicate presence of uncompensated carriers, with temperature-independent concentrations, we first explore the effects of such carriers using the simplest possible approach. The easiest thing for us is to find the change in Mn-Mn exchange interaction by moving the Fermi energy up (simulating holes) or down (simulating electrons). This is a one step non-self-consistent (frozen potential) calculation, in the spirit of the rigid band model. After self-consistency has been achieved for the equilibrium lattice parameter, exchange interactions are calculated for the self-consistent potential and the correct Fermi energy, and then also for the same potential but assuming the Fermi energy to be slightly higher/lower to simulate holes/electrons. The Fermi energy coming out from the self-consistent calculation for the equilibrium lattice parameter is simply moved up or down by 0.136/0.68 eV (0.01/0.05 Ry). In Fig.11 we show this change for both ZB and RS structure Ge 0.75 Mn 0.25 Te and ∆(E F ) = ±0.68 eV (0.05 Ry). In both cases, i.e. Fermi energy changed by ±0.68 eV, there is an increase in the Mn-Mn interaction. In Fig.12 we compare the results of changing he Fermi energy by 0.136 eV and 0.68 eV in RS Ge 0.75 Mn 0.25 Te for two different lattice parameters. This indicates that both electron-and hole-doping of the system would be an efficient way to drive it toward ferromagnetism. Of course, hole-and electron-doping can be simulated in other ways as well, for example, by changing the effective valence of the atoms. This can be done by changing the valence of the magnetic or the nonmagnetic atoms. In Fig.13 we show the effect of altering the valence of Mn atoms from 7 to 6.8, 6.9 and 7.1 for different lattice parameters. This is equivalent to studying the effect of alloying of Mn with other elements to the left or right in the same row of the periodic table using virtual crystal approximation (VCA). These calculations are self-consistent, as opposed to the above results with rigidly shifted Fermi levels, but may suffer from the weaknesses of VCA. We have also included the case where Mn concentration in the Ge-sublattice is reduced from 25% to 22% and the remaining 3% of the sites on this sublattice are left vacant. In all these calculations it is the magnetic atom Mn, whose concentration is effectively altered to create the electrons or holes. Next, we explore the effect of creating holes or electrons by keeping the concentration of Mn atoms fixed at 25%. We study separately the effect of introducing holes by doping the Ge-sublattice and the Te-sublattice. To create holes in the Ge-sublattice, we replace some of the Geatoms with Cu, and to create holes in the Te-sublattice we replace some Te-atoms with Sn or simply vacancies. Results are shown in Figs. 14 and 15. that Mn valence has been moved to 7.1, simulating electron-doping, (e) self-consistent result for equilibrium lattice parameter, but by replacing 3% of the atoms in the Ge-Mn sublattice by empty spheres (vacancies).
the effect of replacing some of the Ge atoms with Cu, thus creating holes. Results show the effect of increasing hole-concentration as well as the effect of changing the lattice parameter or the volume per atom. We have considered only the RS case, as all the available experimental results are for this structure. It is clear that even a reasonably low level of Cu-doping of the Ge-sublattice can substantially increase the Mn-Mn exchange interaction, changing it from negative to positive and explaining the observed ferromagnetism of Ge 1−x Mn x Te thin films. Fig. 15 shows the effect of creating holes via doping the Te-sublattice with Sn or creating vacancies in this sublattice. Again, there is a change in the Mn-Mn interaction in the direction of ferromagnetism (decreasing antiferromagnetic interactions).
VI. SUMMARY OF RESULTS AND CONCLUSIONS
We have examined theoretically the possibility of halfmetallic ferromagnetism in bulk Ge 1−x TM x Te alloys, with TM being the transition metals V, Cr and Mn. FP-LAPW calculations reveal the possibility of halfmetallicity for some of the ordered alloys. For these cases we have calculated the exchange interactions and the Curie temperatures. The later calculations apply to cases where the Ge and the TM atoms occupy randomly the Ge-sublattice. The effect of this disorder is taken into account using the CPA. Ferromagnetic interactions are strongest in the Cr-doped ZB GeTe. The Cr-doping case is most promising, as in both RS and ZB structures FM interactions dominate, and these remain FM with changes in the lattice parameter. The next promising case is V-doping in the ZB structure, the RS counterpart showing strong antiferromagnetic (AFM) interactions, particularly at and around the equilibrium lattice parameter. These AFM interactions weaken on both sides of the equilibrium lattice parameter value and become FM only at much higher volume. Our calculations for TM=Mn and x=0.25 shows the substance to be AFM (for the ordered as well as disordered compounds, with the gap being narrower in the disordered case). We show that this AFM behavior is linked to the substance being a narrow/zero gap semiconductor/semimetal at this Mn concentration. We further establish that the presence of uncompensated carriers should drive the material toward ferromagnetism. The origin of these carriers could be vacancies, impurity atoms, and/or structural imperfections. In fact both Ge-Te and Ge 1−x TM x Te samples are known to have large number of holes (p-type carriers) due to cation(Ge) vacancies. 15, [44] [45] [46] A comparison of the results in Figs. 14 and 15 clearly shows that holes in the Ge-Mn sublattice is much more effective in driving the system to ferromagnetism than the holes in Te-sublattice. This seems to be consistent with the experimental observation that all ferromagnetic films of Ge 1−x TM x Te have a large number of temperature-independent p-type carriers, associated with vacancies in the Ge sublattice. The calculated exchange interactions due to carriers originating from these causes are sufficient to account for the observed ferromagnetism in thin films of Ge 1−x Mn x Te. Our results for the exchange interactions are consistent with experiments in that the highest T c reported so far seem to be for thin films of Ge 1−x Cr x Te. Some differences between our calculated results and the experiments could be ascribed to the fact that our calculations are for bulk alloys, while experimental results are mostly for thin films. For example, distortions with respect to the bulk structures may be present in thin films, in addition to the fact that the lattice parameters of the thin films are usually larger than their bulk counterparts.
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